Posttranslational modifications to the intracellular domain of the EGFR are known to regulate EGFR functions; however, modifications to the extracellular domain and their effects remain relatively unexplored. Here, we determined that methylation at R198 and R200 of the EGFR extracellular domain by protein arginine methyltransferase 1 (PRMT1) enhances binding to EGF and subsequent receptor dimerization and signaling activation. In a mouse orthotopic colorectal cancer xenograft model, expression of a methylationdefective EGFR reduced tumor growth. Moreover, increased EGFR methylation sustained signaling activation and cell proliferation in the presence of the therapeutic EGFR monoclonal antibody cetuximab. In colorectal cancer patients, EGFR methylation level also correlated with a higher recurrence rate after cetuximab treatment and reduced overall survival. Together, these data indicate that R198/R200 methylation of the EGFR plays an important role in regulating EGFR functionality and resistance to cetuximab treatment.
Introduction
The EGFR family is one of the most well characterized RTK systems. In addition to their function in normal development, aberrant expression of EGFR is involved in abnormal cell proliferation, reduced apoptosis, cell migration, metastasis, and angiogenesis in cancer patients (1, 2) . Activation of EGFR converts extracellular stimulations into intracellular signals to regulate cellular responses through protein modifications. Crosstalk between methylation and phosphorylation on intracellular domain regulates downstream signaling activation (3), whereas ubiquitination mediates EGFR stability, trafficking, and signal sustainability (4) . While intracellular domain modifications of transmembrane proteins have been well studied, only a few types of extracellular domain modifications have been identified (5, 6) . There is evidence that extracellular modifications of transmembrane proteins have important physiological functions. For example, extracellular domain phosphorylation of cadherin protein by intracellular Golgi kinase or ectokinase regulates cell adhesion, cell growth, and cell polarity (6, 7) . In addition, glycosylation on the extracellular domain of RTK is critical for protein stabilization and subcellular localization (5, 8) . However, other types of extracellular domain protein modifications besides phosphorylation and glycosylation are not well explored. Interestingly, our MS analysis revealed several methylated arginines on EGFR extracellular domain. Since the discovery of protein arginine methyltransferases (PRMTs), arginine methylation has been implicated in many biological processes and human diseases (9) . During arginine methylation, PRMTs transfer methyl groups from S-adenosylmethionine (SAM) to the guanidine nitrogen of specific arginine residues on their target proteins, which in turn alter the protein structure, protein-protein interaction, protein localization, and enzyme activity that are critical for various cellular functions (10) . For example, signal transduction, RNA processing, DNA repair, and gene transcription are regulated by arginine methylation (3, 11, 12) .
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PRMT1-mediated methylation of the EGF receptor regulates signaling and cetuximab response
Hsin-Wei Liao, 1, 2 Jung-Mao Hsu, 1 Weiya Xia, 1 Hung-Ling Wang, 3 Ying-Nai Wang, 1, 3, 4 Wei-Chao Chang, 3 Stefan T. Arold, 5, 6 Chao-Kai Chou, 1, 3 Pei-Hsiang Tsou, 1 Hirohito Yamaguchi, 1 Yueh-Fu Fang, 1, 7 Hong-Jen Lee, 1, 2 Heng-Huan Lee, 1 Shyh-Kuan Tai, 8 Mhu-Hwa Yang, 9 Maria P. Morelli, 10 Malabika Sen, 11 John E. Ladbury, 5, 12 Chung-Hsuan Chen, 13 Jennifer R. Grandis, 11, 14 Scott Kopetz, 10 and Mien-Chie Hung ing activation of HER2 or MET signaling, mutation of PIK3CA and BRAF, or expression status of PTEN, but retrospective analyses revealed inconsistent and controversial findings (16) . So far, the most accepted predictive marker for poor cetuximab response is mutant KRAS status, due to its association with poor survival rate under cetuximab treatment in colorectal cancer clinical trials (17) (18) (19) (20) . Therefore, American Society of Clinical Oncology recommended cetuximab treatment for only patients with WT KRAS (21) . However, there is increasing evidence showing that WT KRAS is not sufficient to confer sensitivity to cetuximab (22) (23) (24) , and some patients with mutant KRAS are still sensitive to cetuximab (16, (25) (26) (27) (28) . These findings suggest that further investigation into the underlying mechanisms of cetuximab resistance and identification of a better predictor for cetuximab response are ing of chemotherapeutic agents have improved the response and survival rate of colorectal patients. Currently, rational targeting of molecular signaling pathways that are involved in the etiology of malignancies is one of the most promising strategies in novel anticancer drug development (13) . Owing to the role of EGFR in tumorigenesis, new classes of drugs that target EGFR are among the most clinically advanced molecular-targeted therapies. Although EGFR tyrosine kinase inhibitors combined with chemotherapy presented severe toxicity and limited effect (14) , the combination of EGFR monoclonal antibody, such as cetuximab and panitumumab, with chemotherapy has shown efficacy in colorectal cancer treatment (15) . Unfortunately, resistance to EGFR-targeted therapy has recently been observed. Many mechanisms have been proposed to explain the poor response to cetuximab, includ- PRMT1 is an intracellular protein and less likely to contact R198 and R200, which are located on the extracellular domain of EGFR, when EGFR is transported to the cell membrane. Protein modifications on the extracellular domain of transmembrane proteins, such as phosphorylation and glycosylation, can occur during biosynthesis before the transmembrane proteins are transported to cell membrane (5, 6, 8) . Therefore, we speculated that PRMT1 methylates R198/200 through a similar mechanism, before EGFR is transported to the cell membrane. To investigate this possibility, we examined methylation status by treating cells with or without tunicamycin, an N-linked glycosylation inhibitor. During EGFR protein translation and maturation, glycans are added onto its extracellular domain before it is transported to the cell membrane. Addition of tunicamycin disrupted glycosylation, resulting in the accumulation and retention of immature, unglycosylated EGFR (130 kDa) in the ER/Golgi compartments (31) . In the presence of tunicamycin, we detected EGFR methylation using the me-R198/200 antibody in both newly synthesized (130 kDa) and old (170 kDa) EGFR. EGFR methylation signals were reduced when we knocked down PRMT1 ( Figure 2C , top). To rule out the possibility that PRMT1 methylates EGFR during cell lysis, PRMT inhibitor, AMI-1, was added into the cell lysis buffer (32) . Detection of methylation signals both in the presence or absence of AMI-1 indicated that the methylation event occurred in cells before cell lysis. The efficacy of AMI-1 was validated by an in vitro methylation assay in which the addition of AMI-1 blocked methylation reaction of PRMT1 toward GST-GAR, a methylaccepting substrate ( Figure 2C , bottom). To further validate that newly synthesized EGFR is methylated, we isolated ER organelle and showed that the newly synthesized EGFR in the isolated ER-enriched fraction was indeed methylated as detected by the me-R198/200 antibody ( Figure 2D ). In contrast, knocking down of PRMT1 abolished methylated EGFR signals. Next, we validated the interaction between PRMT1 and EGFR by reciprocal coimmunoprecipitation ( Figure 2E ). Interestingly, a Duolink (proximity ligation) assay showed that the PRMT1-EGFR interacting complex colocalized with ER lumen proteins, calreticulin ( Figure  2F ), protein disulfide isomerase (PDI) (Supplemental Figure 2A) , and Golgi lumen protein -stromal cell derived factor 4 (SDF4) (Supplemental Figure 2B) -suggesting that the methylation of EGFR by PRMT1 may occur in these subcellular compartments. To further validate whether a fraction of PRMT1 is indeed in the lumen of ER/Golgi, we performed immunofluorescence staining to detect colocalization of PRMT1 with PDI or SDF4. As shown in Supplemental Figure 2 , C and D, PRMT1 localized to both the cytoplasm and nucleus. Among the cytoplasmic PRMT1, a fraction of PRMT1 colocalized with ER lumen protein, PDI (Supplemental Figure 2C ), or Golgi lumen protein SDF4 (Supplemental Figure 2D ). The colocalization between PRMT1 and ER or Golgi lumen markers are indicated by yellow signals in the merged images. ER-targeting signal peptide is commonly found at the N-terminus of proteins (33) . Therefore, we deleted the N-terminal hydrophobic signal peptide (29 amino acids) of PRMT1 (34) and examined its subcellular distribution. N-terminal deletion resulted in an accumulation of PRMT1 in the nuclear region and reduced the colocalization between PRMT1 and PDI (Supplemental Figure 2C ) or SDF4 (Supplemental Figure 2D) , as indicated by needed. Here, we investigate the role of extracellular methylation in EGFR signal transduction and unexpectedly discover that specific extracellular Arg methylations of EGFR render cancer cells resistant to cetuximab antibody therapy.
Results
PRMT1 methylates EGFR at R198 and R200. Mass spectrometric (MS) analysis of immunopurified endogenous EGFR proteins from SKCO1 colorectal cancer cells demonstrated several methylated arginines on the extracellular domain of EGFR, including R29, R74, R198, R200, R285, and R497 (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI82826DS1). Among them, missense mutation of R198 and R285 were reported in colorectal adenocarcinoma (TCGA database; https://tcga-data.nci.nih.gov/tcga/), and both happen to be located on EGFR extracellular domain 2 (D2) ( Figure 1A ), suggesting functional role of these arginine residues in colorectal cancer biology. To understand whether methylation of EGFR extracellular domain arginines affect its function, we began by first interrogating which protein in PRMT family (PRMT1-8) is responsible for methylation of these arginines. Results from in vitro methylation screening assay by using D2 as substrate revealed that only PRMT1 generated strong methylation signal when coincubated with D2 ( Figure 1B) . Notably, among various functional domains of EGFR ( Figure 1A ), PRMT1 methylated only extracellular D2 ( Figure 1B) . Next, we individually mutated all 3 arginines, which were positive for methylation as determined by MS analysis, on D2 to lysine to determine which of these are methylated by PRMT1. Mutation of both R198 and R200, but not R285, to lysine reduced methylation signals compared with WT EGFR as demonstrated by an in vitro methylation assay ( Figure 1C ). Methylation signal was completely abolished for the R198/200K double mutant, suggesting that these 2 arginines in D2 are the major targets of PRMT1-mediated EGFR methylation in vitro ( Figure 1D ). PRMT1 frequently methylates arginine residues found within glycine-arginine-rich (GAR) domains (29, 30) and generates asymmetric dimethylated arginine. Sequence alignment between the GAR domains of known PRMT substrates and D2 of EGFR revealed a putative GAR domain between amino acids 196 and 204 with 2 arginine residues, R198 and R200 ( Figure 1E ), supporting our observation that R198/200 are the target sites of PRMT1 in vitro.
PRMT1 interacts with and methylates EGFR in ER/
Golgi. To analyze the methylation status of endogenous EGFR, we generated an anti-me-R198/200 methylation-specific antibody by using a synthesized asymmetric dimethylated EGFR peptide. Dot blot assay showed that this me-R198/200 antibody recognized asymmetric dimethylated R198/200 EGFR peptide but not unmodified R198/200 EGFR peptide, other methylation forms of R198/200 EGFR peptide, or asymmetric dimethylated histone H4 peptide (Figure 2A ), validating the specificity of the antibody. The me-R198/200 antibody was later used to detect the methylation level of endogenous EGFR. We found that the methylation status of endogenous EGFR was proportional to PRMT1 expression, and the methylation signal detected by the me-R198/200 antibody was specifically depleted by methylated but not by unmodified peptides (Figure 2B) Figure  2F ) and Golgi (SDF; Supplemental Figure 2G ) lumen proteins was observed in the ER/Golgi area. Taken together, the results suggest the loss of yellow signals in the merged images. These results suggest that the N-terminal hydrophobic signal peptide is involved in ER/Golgi localization of PRMT1. Importantly, expression of WT PRMT1 increased EGFR methylation level, whereas expression of the N-terminal deletion PRMT1 mutant did not increase the methylation level of EGFR compared with vector control (Supplemental Figure 2E ), suggesting that the N-terminal hydrophobic signal peptide may play important roles in regulating localization that PRMT1 likely interacts with and methylated EGFR at ER/ Golgi before its translocation to the cell membrane. PRMT1 upregulates EGFR signaling and cell proliferation in colorectal cancer cell lines. Next, we asked how PRMT1 affects EGFR signaling. EGFR activation status was evaluated upon EGF stimulation by measuring specific tyrosine phosphorylation and 2 main downstream signaling, ERK and AKT, in both SKCO1 and GEO colorectal cancer cells expressing exogenous PRMT1 or vector control. Interestingly, EGFR activation was stronger in PRMT1-expressing cells than in vector control cells upon stimulation by EGF ( Figure 3 , A and B) and another EGFR ligand, TGFα, which is also highly expressed in colorectal cancer (ref. 35 and Supplemental Figure 3A ). In contrast, exogenous expression of catalytically inactive mutant PRMT1 (VLD-AAA) (36) did not enhance EGFR activation or its downstream signaling, which indicates that upregulation of EGFR signaling by PRMT1 requires its enzymatic activity (Supplemental Figure 3B ). In contrast, knockdown of PRMT1 by 2 different shRNAs severely blocked EGF-induced EGFR, ERK, and AKT activation ( Figure 3 , C and D). Although high PRMT1 expression has been shown to correlate with colorectal cancer progression (37) , its role in colorectal cancer pathophysiology remains obscure. We therefore measured cell proliferation and anchorage-independent cell growth of stable transfectants that ectopically expressed PRMT1 with or without treatment of EGFR tyrosine kinase domain inhibitor, gefitinib. In line with upregulated EGFR signaling by PRMT1, gefitinib significantly inhibited cell proliferation ( Figure 3 , E and F) and anchorage-independent growth ( Figure 3G ) in both PRMT1-overexpressing and vector control (expressing endogenous PRMT1) cells, supporting the concept that PRMT1 upregulates EGFR signaling in response to ligand stimulation and increases cellular transformation.
PRMT1 upregulates EGFR dimerization, activation, and EGFR-dependent cell proliferation through R198/200 methylation.
To understand whether PRMT1 upregulates EGFR signaling through R198/200 methylation, we constructed a full-length EGFR R198/200K mutant that cannot be methylated by PRMT1 for comparison with WT EGFR. Since both pEGFR and pERK were substantially changed by ectopic expression or knockdown of PRMT1 (Figure 3 , A-D), we used them as markers to monitor EGFR signaling. Notably, EGFR and ERK phosphorylation were markedly reduced in GEO cells expressing the R198/200K mutant compared with those expressing the WT EGFR, suggesting the importance of EGFR R198 and R200 methylation for PRMT1-upregulated EGFR signaling ( Figure 4A ). To further confirm that stronger signaling activation of WT EGFR was a result of R198 and R200 are situated in the hinge region between D1 and D2. Available crystallographic structures show that EGFR dynamically transitions between an inactive monomeric tethered conformation and an active dimeric extended conformation (Figure 4D and refs. 38, 39 ). In the inactive form, the R198 side chain inserts into a narrow pocket provided by D1. Asymmetric dimethylation would increase the volume of R198 sufficiently to cause unfavorable steric clashes with D1 and, hence, disfavor the inactive conformation ( Figure 4E , left). In the active form, the same binding pocket is substantially enlarged (Figure 4E , right) and provides sufficient space and hydrophobic surface patches (green) to accommodate asymmetric dimethylation. Compared with the inactive form, D1 and D2 are slightly rotated away from each other in the active form, reducing the contact surface between D1 and the rest of the molecule by ~150 Å. The relative orientation of domains D1 and D2 is conserved in all dimeric EGFR forms, including ligand-free forms from the drosophila EGFR homolog (40, 41) , suggesting that our analysis holds for all dimeric conformations. Meanwhile, in the inactive form, R200 compensates for the charge of D206 ( Figure 4F, left) , and the backbone carbonyl of D206 binds to the backbone nitrogen of R200. In the active form, the side chain of D206 is rotated away and exposed to the solvent. The D206 backbone carbonyl forms a weak hydrogen bond with R200, bringing the R200 guanidinium moiety close to the hydrophobic surface of P219 ( Figure 4F, right) . Consequently, methylation of R200 appears to favor the active conformation because it provides a less charged and more hydrophobic environment for R200. Our structural analysis therefore suggests that R198/200 Figure 5D ) and higher recurrence rate ( Figure 5E ). Collectively, these results suggest that PRMT1-mediated EGFR R198/200 methylation contributes to tumorigenesis in vivo, and the methylation status of EGFR has the potential to serve as a predictive marker for patient prognosis. Figure 4D ). Upon binding, cetuximab occludes the EGF-binding site and prevents EGFR from adopting the active conformation required for ligand binding and dimerization (47) . By predisposing EGFR to assume an active EGF-bound conformation, R198/200 methylation is expected to enhance the interaction between EGFR and EGF. Therefore, we asked whether R198/200 methylation of EGFR affects its affinity for EGF and the efficacy of cetuximab. Dissociation constant (Kd) between EGFR and EGF in the absence or presence of cetuximab was measured in the EGFR stable transfectants in HT29 and SW48 colorectal cancer cells by saturation binding assay. In the absence of cetuximab, WT EGFR in HT29 ( Figure 6A ) and SW48 (Supplemental Figure 5A) in HT29 and SW48, respectively) . These results suggest that methylation of EGFR R198/200 by PRMT1 enhances its binding to EGF. In addition, in the presence of a relatively low concentration of cetuximab (1 μg/ml), at which the binding affinity between WT EGFR and EGF did not change significantly compared with the absence of cetuximab ( Figure 6B ; Kd from 17.86-17.25 nM, without and with cetuximab, respectively), the affinity of R198/200K mutant EGFR for EGF was critical for the receptor dimerization and subsequent downstream signaling activation (42), we further examined the effect of R198/ R200 methylation on EGFR dimerization. Interestingly, upon EGF stimulation, endogenous EGFR of PRMT1-expressing SKCO1 cells showed higher receptor dimerization ability than cells expressing control vector ( Figure 4G ). In contrast, EGFR in PRMT1 shRNAexpressing cells had lower EGF-stimulated dimer formation than cells expressing control vector ( Figure 4H ). Consistently, loss of methylation of EGFR R198/200K mutant substantially reduced its dimerization ability compared with WT EGFR in GEO cells ( Figure 4I ). Likewise, knocking down of PRMT1 in WT EGFRexpressing cells greatly reduced the dimer formation of WT EGFR to a level similar to that observed for EGFR R198/200K-expressing cells, indicating that PRMT1 upregulates EGFR dimerization via R198/200 methylation ( Figure 4I ). Notably, while glycosylation was reported to affect the expression level of cell surface EGFR (43), our data indicated that methylation did not (Supplemental Figure  4) . These results support a model that methylation at R198/200 of EGFR by PRMT1 enhances its EGF-induced dimerization ability, and they provide an explanation for PRMT1-upregulated EGFR signaling and cell proliferation.
EGFR methylation enhances EGF binding to EGFR and correlates with higher recurrence rate of colorectal cancer patients after cetuximab treatment. Clinically, cetuximab is used to treat metastatic colorectal cancer by disabling the interaction between EGF ligand and EGFR and attenuating EGFR signaling (44-46). Cetuximab binds exclusively to D3 of EGFR in its inactive conformation (

Methylation of EGFR increases tumorigenesis in orthotopic colorectal cancer mouse model and correlates with poorer clinical outcomes of colorectal cancer patients.
Our current data support a model in which PRMT1 enhances EGFR dimerization and activation through methylation of EGFR at R198/200. Subsequently, upregulated EGFR signaling promotes cell proliferation and anchorage-independent growth of colorectal cancer cells. To further address the pathological relevance of this model, we examined whether PRMT1-mediated EGFR methylation contributes to tumorigenesis in an orthotopic colorectal cancer mouse model. (51), our data demonstrate that ERK was still activated by EGF stimulation in GEO (G12A) and SKCO1 (G12V) KRAS mutant cell lines (Figure 3, A-D) . The contradictory effect of EGF on ERK activation is somewhat expected, as different cancer cell lines can behave differently. Moreover, knockdown of PRMT1 sensitized cells to cetuximab treatment regardless of KRAS mutation status (Figure 6 , D and G, and Supplemental Figure 5 , C and E). High EGFR R198/200 methylation level correlated with higher recurrence rate in cetuximab-treated patients, implying that EGFR R198/200 methylation has the potential to serve as a predictive marker for cetuximab resistance in clinical colorectal cancer therapy.
It is worthwhile to mention that colorectal cancer patients carrying R497 polymorphism on EGFR extracellular domain 4 exhibit more unfavorable responses to cetuximab than those carrying K497 (52). Although we also observed endogenous EGFR R497 methylation from MS analysis (Supplemental Figure 1E) , suggesting that this arginine methylation event may be another factor that contributes to cetuximab resistance, PRMT1 is not the methyltransferase for R497 methylation (D4), at least from our in vitro methylation assay ( Figure 1B) . Thus, identification of the PRMT that is responsible for R497 methylation would be critical to address this issue in the future. It is interesting to note that R198C mutation of EGFR was observed in colorectal and glioma patient samples. One possibility contributing to the positive effect of the R198C mutation on tumorigenesis may be that a substitution from Arg to Cys induces a similar enhancement in EGFR signaling as arginine methylation. The R198 contributes to stabilizing the inactive state by connecting D2 with D1 (through electro-static and van der Waals interactions, and exclusion of water molecules). In the inactive state, D1 and D2 have more contacts. There are then several ways to affect this contribution of R198. Methylation is one of them, since it creates steric hindrance and adds hydrophobic groups, but a loss of the Arg interactions through mutation into another residue, such as cysteine, may have the same effect. In addition, as demonstrated by a previous study, an Arg to Cys mutation on erythropoietin receptor led to constitutively activated, disulfide-linked homodimers (53). It is not yet clear whether the EGFR R198C mutation might promote tumorigenesis via a similar mechanism that increases formation of active homodimerization. Further investigations into the detailed mechanism regarding the effects of Arg to Cyst mutation on EGFR signaling would be needed in the future.
Methylation of EGFR may occur in the ER and Golgi during translation before it is translocated to cell surface membrane, a process similar to glycosylation of many cell surface receptor proteins, and therefore cannot be regulated by EGF stimulation, as shown in Figure 6C . This suggests that PRMT1 may predispose newly synthesized EGFR molecules to adopt markedly reduced (Kd from 47.28-94.33 nM, without and with cetuximab, respectively). Together, these results suggest that methylated EGFR at R198/200 responds better to EGF binding and is more resistant to cetuximab treatment.
In line with the higher EGF binding affinity and higher EGFR methylation level, PRMT1-overexpressing HT29 cells demonstrated higher EGFR and ERK activation after EGF stimulation, and the upregulated pEGFR and pERK remained relatively strong, even in the presence of cetuximab in comparison to vector control cells ( Figure 6C ). To validate the role of EGFR methylation in cetuximab response, cells expressing exogenous PRMT1 shRNA or PRMT1 were treated with cetuximab, and their clonogenic ability was evaluated ( Figure 6D and Supplemental Figure 5 , B-E). The colony number was relatively lower in cells in which PRMT1 was knocked down than control cells in the presence of cetuximab ( Figure 6D and Supplemental Figure 5 , C and E). In contrast, cells expressing exogenous PRMT1 showed more resistance to cetuximab treatment (Supplemental Figure 5 , B and D). To further investigate whether methyl-EGFR level is related to patient response to cetuximab, tumor tissues from cetuximab-treated metastatic colorectal cancer patients were collected and stained by me-R198/200 antibody. Consistent with previous clinical analyses ( [48] [49] [50] , no association (P = 0.486) was found between total EGFR expression level and cetuximab response ( Figure 6E) ; however, higher levels of methyl-EGFR in tumors from colorectal cancer patients correlated with higher recurrence rate (P = 0.034) after cetuximab treatment ( Figure 6F ). In addition, the expression level of methyl-EGFR correlated positively with PRMT1 expression (Table 1) . Similarly, the correlation between the expression level of methyl-EGFR and PRMT1 was also observed in patients with head and neck cancer (Supplemental Table 1 ), another FDA-approved cancer type for cetuximab treatment. Importantly, higher methyl-EGFR level also correlated with poorer overall survival after cetuximab treatment in head and neck cancer patients (Supplemental Figure 5F) . Together, the results support the notion that PRMT1-mediated EGFR R198/200 methylation contributes to cetuximab resistance in colorectal and head and neck cancer patients.
Clinically, the status of KRAS mutation has been used as a biomarker to predict patient response to cetuximab (21) . We therefore asked whether methylation-mediated cetuximab resistance is affected by KRAS mutation. Interestingly, independently of KRAS status, knockdown of PRMT1 in all WT KRAS (HT29 and SW48) ( Figure 6D and Supplemental Figure 5E ) and mutant KRAS (SKCO1: KRAS G12V and GEO: KRAS G12A) ( Figure 6G and Supplemental Figure 5C ) cell lines sensitized cells to cetuximab treatment. Notably, knockdown of PRMT1 in KRAS G12V mutant and cetuximab-resistant SKCO1 cells rendered cells more sensitive to cetuximab than vector control cells. In contrast, reexpression of shRNA-resistant PRMT1 (rPRMT1) in PRMT1-knockdown cells restored the observed cetuximab resistance (Figure 6G ), suggesting that KRAS mutation does not play a role in PRMT1-mediated cetuximab resistance. 
Methods
Constructs, reagents, peptides, and antibodies. EGFR (GI: 2811086) and PRMT1 (GI: 359338974) constructs were prepared as described previously (3) . Four extracellular domains, juxtamembrane domain, kinase domain, and C-terminal tail of EGFR were further subcloned into pGEX vector for the preparation of truncated EGFR recombinant proteins. EGFR (R198/200K) mutagenesis was generated using the QuickChange Site-Directed Mutagenesis Kit according to the manufacturer's protocol (Stratagene). EGF (Sigma-Aldrich) was prepared according to the manufacturers' instructions. Unmodified (Ac-QCSGRCRGKSPSD-C), asymmetric di-methylated (Ac-QCS-
, and mono methylated (Ac-QCSG[-mono methyl-R]C[mono methyl-R]GKSPSD-C) EGFR peptides were chemically synthesized by LifeTein for antibody production in mice and dot blot and peptide competition assays. Anti-EGFR antibody (catalog 06-847, Millipore) was used to detect full-length EGFR. Antibodies against phospho-Tyr 1086 (catalog ab5650, Abcam) and -Tyr 1148 (catalog ab5651, Abcam) were used for detection of EGFR activation. Antibodies to ERK (catalog 06-182, Millipore) and phospho-ERK (catalog 9106, Cell Signaling Technology) were used to detect the EGFR downstream signaling activation. Anti-PRMT1 (catalog 2449, Cell Signaling Technology) was used to detect PRMT1 level after overexpression or knockdown. Anti-SAM antibody was used to detect location of SAM (catalog SAM88-A50, Eagle Biosciences). Anti-tubulin antibody was purchased from Sigma-Aldrich (catalog T5168). Cell culture. SKCO1 (KRAS G12V) and SW48 (KRAS WT) were purchased from ATCC. GEO (KRAS G12A) and HT29 (KRAS WT) cells were gifts from Zhen Fan (MD Anderson Cancer Center). GEO, HT29, and SW48 cells were cultured in DMEM/F-12 with 10% FCS. SKCO1 cells were cultured in MEM with 10% FCS. All cell lines were characterized as mycoplasma negative and validated by STR DNA fingerprinting using the AmpF_STR Identifiler kit according to manufacturer's instructions (catalog 4322288, Applied Biosystems). The STR profiles were compared with known ATCC fingerprints (www. ATCC.org) and with the Cell Line Integrated Molecular Authentication database (CLIMA) version 0.1.200808 (http://bioinformatics. istge.it/clima/) (Nucleic Acids Research 37:D925-D932, PMCID: PMC2686526). The STR profiles matched known DNA fingerprints or were unique. Before EGF stimulation, 80% confluent cells were serum-starved for 20 hours and then stimulated with 50 ng/ml EGF for indicated time or 50 ng/ml TGFα for 20 minutes.
shRNA construct and transfection. Lentiviral-based pLKO.1 PRMT1 shRNA vector was obtained from Academia Sinica. The pLKO.1 scrambled shRNA vector was purchased from Addgene. The PRMT1-targeting shRNA sequences used in the lentiviral construct were: 5′-CCGGCCGGCAGTACAAAGACTACAACTC-GAGTTGTA GTCTTTGTACTGCCGGTTTTTG-3′ (shRNA #1) and 5′-CCGGGCAAGTGAAGCGGAAT GACTACTCGAGTAGTC ATTC CGCTTCACTTGCTTTTTG-3′ (shRNA #2). For lentiviral production, PLKO.1 PRMT1 shRNA vector, packaging (pCMV-dr8.Z dvpr), and envelope (pCMV-VSV-G) plasmids were cotransfected into 293T cells using Lipofectamine Reagent (Invitrogen). After 48-hour transfection, colon cancer cells were infected with viral particles. Stable knockdown clones were selected by culturing cells in medium with 4 μg/ml puromycin for 1 month.
the active EGF-binding conformation at the cell surface. The presence of PRMT1 and SAM in the ER/Golgi ( Figure 2D and Supplemental Figure 2 ) supported the hypothesis that EGFR may be methylated by PRMT1 in these subcellular compartments. These results are consistent with those in plant cells in which SAM is incorporated into the Golgi vesicles and other subcellular compartment as detected by the incorporation of carboxyl [
14 C]-SAM into these subcellular organelles (54) . In mammals, characterization of stacked Golgi fraction using multidimensional protein identification technology suggested that a SAM transporter and methyltransferase may exist in the Golgi proteome isolated from rat liver (55) . Interestingly, the same report showed that several ER or Golgi resident proteins are Arg dimethylated on their luminal domain, suggesting the existence of SAM transporter as well as methylation machinery in ER/Golgi compartment that may play important roles in regulating cellular physiology. A systematic approach would be required to further address this mechanism in the future.
In addition, the stoichiometry of EGFR methylation was about 10.5 % in SKCO1 cells (Supplemental Figure 6 ). In line with previous reports showing that ERα methylation is a dynamic process, requiring PRMT1 for methylation and JMJD6 arginine demethylase to remove the methylated moiety (56, 57) , global proteomic analysis also demonstrated that arginine methylation sites in human cells are regulated dynamically by an unknown Arg demethylase during transcriptional arrest (58) . It is possible that the Arg demethylation process is a general event regulating cellular Arg methylation level.
We previously reported methylation on EGFR intracellular domain mediated by PRMT5 inhibits downstream ERK activation in breast cancer cells (3) . Here, methylations on EGFR extracellular domain regulated by PRMT1 enhance receptor function in colorectal cancer cells. Interestingly, in colorectal cancer patients, elevated level of PRMT5 was observed and coincided with poor prognosis (59) . A molecular switch that governs the tumor-suppressive or oncogenic activities of different PRMTs and their downstream target proteins in different cancer types remains to be further investigated. Several arginine methylated RTKs, such as EGFR and VEGFR-2, have been reported (3, 60) . The current study demonstrates that arginine methylation on EGFR extracellular domain affects ligand-mediated signaling and may contribute to cetuximab resistance. Since many cell surface RTKs -including EGFR, HER2, and MET -are therapeutic targets, and since monoclonal antibodies against the extracellular domain of these RTKs are being used for therapy, this raises an interesting possibility that arginine methylation of this region on other RTK may also play a role in the regulation of their activities and in response to their corresponding monoclonal antibody therapeutics.
Overall, the role of PRMT1-mediated EGFR methylation in colorectal cancer tumorigenesis -and its correlation with poorer patient outcomes and cetuximab response by affecting the EGF-EGFR binding affinity and subsequent signaling activation, as demonstrated here -provide an insight into the response to EGFR-targeted therapy and also open an avenue toward the understanding of how arginine methylation regulates the function of RTKs. jci.org Volume 125 Number 12 December 2015
IHC staining. IHC of methylated EGFR was performed using homemade me-R198/200 antibody. Colorectal cancer tissue microarrays were purchased from National Cancer Institute Cancer Diagnosis Program. Colorectal cancer samples from patients treated with cetuximab were collected from MD Anderson Cancer Center (n = 41). Head and neck cancer samples from patients treated with cetuximab were collected from Taipei Veterans General Hospital (n = 38) and University of Pittsburgh Medical Center (n = 21). Samples were deparaffinized and rehydrated. Antigen retrieval was performed by using 0.01 M sodium-citrate buffer (pH 6.0) in a microwave oven. The sections were treated with 1% hydrogen peroxide in methanol for 30 minutes to block endogenous peroxidase activity. After 1 hour of preincubation in 10% normal serum to prevent nonspecific staining, the samples were incubated with primary antibodies at 4°C overnight. The sections were then treated with biotinylated secondary antibody, followed by incubations with avidinbiotin peroxidase complex solution for 1 hour at room temperature. Color was developed with the 3-amino-9-ethylcarbazole solution. Counterstaining was carried out using Mayer's hematoxylin. All immunostained slides were scanned on the Automated Cellular Image System III (ACIS III) for quantification by digital image analysis. A total score of protein expression was calculated automatically from the percentage of immunopositive cells and immunostaining intensity.
Saturation binding assay. ELISA 96-well plates were captured with 3 μg/ml anti-EGFR antibody (Abcam) in 0.2 M sodium phosphate buffer (pH 6.5) at 100 μl/well overnight at room temperature. The plates were then rinsed 3 times with PBS with 0.05% Tween-20 (PBST) and blocked with 200 μl/well of 1% BSA solution at 37°C for 2 hours. After rinsing 3 times with PBST, 100 μl/well of HT29-RIPA lysates or RIPA buffer only as a negative control were added and incubated at 37°C for 1.5 hours. The plates were then washed with 400 μl/well of PBST 3 times, followed by addition of recombinant human biotin-EGF at a series of diluted concentrations in RIPA buffer. After incubation at 37°C for 1.5 hours, wells were washed with 400 μl/well of PBST 3 times, added by 100 μl/well of streptavidin-conjugated HRP (1:2,000 in blocking buffer), and incubated for 30 minutes at room temperature. The wells were washed again with PBST 3 times, and 100 μl/well of TMB as a peroxidase substrate were added and incubated for 30 minutes at room temperature. The reaction was terminated by addition of 50 μl/well of stop solution. The optical density was determined at 450 nm, corrected by subtraction of readings at 570 nm, using a BioTek Synergy Neo multi-mode reader. The Kd was estimated by the above binding data and then transformed to create a Scatchard plot with GraphPad Prism program (version 6; Prism Software Inc.).
Clonogenic assay. Cells (5,000 per well) were seeded in 24-well plates. Culture medium was changed every 3 days. After 10 days of culturing, cells were washed by cold PBS twice and fixed by 4% paraformadehyde for 1 hour. Cells then were stained by 0.005% crystal violet at 4°C overnight. After ddH 2 O wash, colonies with a diameter larger than 0.5 mm were counted.
Statistics. Statistical analyses were performed using SPSS software. The association between the expression level of methyl-EGFR and PRMT1 was analyzed by Spearman's rank correlation test. Survival curves were plotted using Kaplan-Meier method, and log-rank tests were performed to evaluate prognostic differences between groups for categorical variables. Differences were analyzed by a 2-tailed Student's t test, with a P value < 0.05 being considered as statistically significant.
Mass spectrometry. EGFR was isolated by immunoprecipitation with anti-EGFR antibody and then was analyzed by SDS-PAGE. The protein band corresponding to EGFR was excised and subjected to ingel digestion with trypsin. After isolation by immobilized metal affinity chromatography, the enriched methyl peptides were analyzed by microliquid chromatography/tandem mass spectrometry.
In vitro methylation assay. To prepare recombinant PRMT1 and EGFR fragments for in vitro methylation assay, the cDNA of PRMT1 or EGFR fragments were subcloned into pGEX vector (GE Healthcare), and GST-tagged recombinant proteins were expressed in E. coli BL21 (DE3) strain by 1 mM IPTG (isopropyl-β-D-thiogalactopyranoside) induction. GST-tagged recombinant proteins were then purified using glutathione sepharose 4B (GE Healthcare) and dialyzed against phosphate-buffered saline. To perform in vitro methylation assay, GSTtagged recombinant PRMT1 and EGFR fragments were incubated together in the presence of 2.2 Ci S-adenosyl-L-[methyl- 3 H] methionine (85 Ci/mmol from a 0.55 mCi/ml stock solution; MP Biomedicals) for 1 hour at 30°C in a final volume of 50 μl of phosphate-buffered saline. After incubation, samples were separated by SDS-PAGE and methylation levels were examined by fluorography.
In vivo protein interaction by Duolink assay. Cells were seeded in 8-well chamber slides. When harvesting cells, cells were washed with cold PBS twice and fixed with 4% paraformadehyde at 4°C for 2 hours. After 2 more PBS washes, cells were permeabilized by cold 0.2% Triton X-100 (Sigma-Aldrich)for 30 minutes at room temperature and subjected to Doulink assay (Olink Bioscience) according to the manufacturers' instructions.
Cell proliferation assay. Cells were seeded in 6-well plates (triplicate), and fresh medium (with or without gefitinib or cetuximab) was added every day. Cells were then trypsinized, and cell numbers were counted on a daily basis.
Anchorage-independent growth assay for colony formation. The base layer of cell growth matrix containing DMEM/F12 medium, 10% FBS, and 0.5% agar was paved in 6-well plates (1.5 ml per well). After solidification of the base layer, the top layer (1.5 ml per well) containing DMEM/F12 medium, 10% FBS, 0.35% agarose, and cells was plated. Culture medium (1 ml) was added to each well and changed every 3 days. After 4-week culture, colonies were stained by 0.005% crystal violet. Colonies with a diameter larger than 0.5 mm were counted.
Dimerization assay. Cells were starved in serum-free medium for 24 hours. After starvation, cold PBS containing 50 ng/ml EGF was added onto plates for 30 minutes at 4°C. Then, cells were washed with cold PBS (137 mM NaCl, 0.67 mM KCl, 8 
